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Introduction
Connectivity, in its most general form, refers to the exchange of individuals (including genes, traits, disease, 44 etc.), energy or materials among habitat patches, populations, communities or ecosystems. Maintaining 45 connectivity can improve population resilience to perturbations, increase metapopulation viability, promote 46 genetic diversity and maintain energetic pathways among ecosystems (Palumbi 2003; Figueira & Crowder 47 Figure 1: Comparison of workflows between the "representation only" approach to Marxan and "Marxan Connect." Marxan Connect facilitates the use of connectivity data, derived from tagging data, genetics, dispersal models, resistance models, or geographic distance, by producing connectivity metrics and connectivity strengths (i.e. spatial dependencies that are used in the place of boundary definitions) before running Marxan. These connectivity metrics and linkage strengths are then used as inputs (connectivity-based conservation features or spatial dependencies) in the traditional Marxan workflow. The cost data in the traditional Marxan analysis refers to the cost of protecting a planning unit (i.e. opportunity cost), not the cost to traverse a landscape. evaluation and post-hoc analysis. We do so in the context of the widely used spatial planning tool Marxan, 84 which aims to represent biodiversity whilst minimizing overall cost (Ball, Possingham & Watts 2009 ). We these concepts within Marxan. Our objective is to enable an overview of the selection and treatment of 87 connectivity data to encourage its use in spatial conservation planning. 88 89 Box 1: A primer for spatial conservation planning with Marxan Marxan uses a simulated 90 annealing algorithm to find good solutions to the "minimum set" problem. In the minimum set 91 problem, the user specifies an amount of each conservation feature j that needs to be conserved, 92 or conservation targets (T j ), for each conservation feature. The basic minimum set problem is an 93 integer linear programming problem and does not consider connectivity:
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where N is the number of planning units, c i is the cost of planning unit i, r ij is the amount of 95 feature j in planning unit i, and x i is a control variable which has the value of 1 for selected sites 96 and 0 for unselected sites. It is usually desirable to include some basic spatial properties of a 97 protected area system such as geographic proximity or adjacency information between planning 98 units to help minimize costs or maximize clumping of a protected area system. For example, if 99 the common boundary between every pair of planning units is known, then the minimum set 100 problems can be extended to include a term for the boundary length of the reserve system and an 101 effort made to minimise it:
where b is the boundary length modifier (BLM), and cv ih represents the cost of a boundary and 103 is typically the length of the physical boundary between sites i and h. Costs (c i ) in Marxan often 104 pertain to socio-economic implications of protecting a site, such as management or opportunity 105 costs. For more information see Ball et al. (2009) and Ardron et al. (2010) . Key terms and 106 definitions:
107
• Planning area: the spatial domain over which the planning process occurs. This is 108 synonymous with terms "domain" or "extent" or "study area" in other fields. This area is 109 subdivided into smaller "Planning Units".
110
• Planning unit: spatial units within the entire planning area (i.e. domain, or study area), 111 which can be defined using regular gridded (e.g. hexagonal) or using landscape features-based 112 (e.g. reefs, water catchments) as in Marxan.
113
• Boundary Length: the shared boundary length between adjacent planning units.
114
• Boundary Length Modifier (BLM): a weighting parameter to 'tune' the influence of 115 the boundaries. The BLM helps achieve "clumped" solutions by reducing the overall edge to 116 area ratio. A higher BLM value results in a more 'clumped' Marxan solution.
117
• Conservation feature: the features (e.g. habitats, species, processes) for which a target is 118 set.
119
• Conservation target: the minimum quantity or proportion of the conservation feature in 120 the study area to be included in solutions.
121
• Solution: a binary output of Marxan reflecting whether a planning unit is selected (1) or 122 not selected (0) as part of the conservation plan. Operationalizing connectivity in spatial planning Understanding connectivity data 127 One of the challenges associated with integrating ecological connectivity in spatial planning is the wide 128 variety of entities that move (e.g. organism, gene, pollutant) and movement processes (e.g. migration route, 129 larval dispersal, multi-generational gene flow, carbon flux). While there are many types of data sources, 130 connectivity data are often stored as matrices, where donor (or source) sites are rows, and the recipient (or 131 destination) sites are columns. Alternatively, connectivity data may be stored in an edge list where the first 132 column contains the donor site IDs, the second column contains the recipient site IDs, and the third column 133 contains the connectivity value. Below, we review a few of the most common data sources organized by their 134 treatment in Marxan Connect. Additional details on data format, types, mathematical representations and 135 associated assumptions can be found on the Marxan Connect tool website, marxanconnect.ca.
136
Landscape-based estimates of connectivity 137 Some spatial planners may have access to detailed connectivity information based on demographic data 138 (See "Demographic estimates of connectivity" section below). In these cases, Marxan Connect can generate 139 estimates of connectivity strength (e.g. spatial isolation) based either on the Euclidean distance between 140 habitats, or isolation by resistance (McRae & Nürnberger 2006) . These landscape-based connectivity estimates 141 are often more limited in their applicability than demographic data (e.g. self-recruitment), but require less 142 data.
143
Linkages across a habitat matrix 144 The structure and spatial configuration of the land-or sea-scape (i.e. habitat type, size, and spacing) can 145 impede or facilitate the movement of organisms. The rate at which impediment or facilitation occurs has 146 been defined as the strength of landscape connectivity (Tischendorf & Fahrig 2000) . The impediment or 147 facilitation (i.e. resistance or cost to traverse landscape) posed by habitat types can be estimated from 148 tracking data, genetic data, expert opinion, or habitat suitability models for species-centric approaches (Bunn, 149 Urban & Keitt 2000; Urban & Keitt 2001; Ricketts 2001; Zeller, McGarigal & Whiteley 2012) . For a habitat 150 or multi-species centric approach, resistance can also be estimated from the similarity in environmental 151 variables (e.g. land cover) or that of species assemblages (Schumaker 1996) . From this resistance surface, it is 152 possible to estimate the rate of movement of organisms across the landscape based on the spatial arrangement 153 of habitat patches using various methods such as least-cost path analysis, and current density approaches 154 (Fall et al. 2007; Rayfield, Fortin & Fall 2010; Koen et al. 2014) . While these methods are conceptually 155 similar, they produce qualitatively different connectivity estimates and may be difficult to validate (Saura & 156 Pascual-Hortal 2007; Rayfield, Fortin & Fall 2010; Zeller et al. 2018) .
157
The conservation implications of these differences in connectivity have not been fully explored in the context 158 of spatial planning. While methods based on Euclidean distance can be species non-specific, resistance-based 159 models necessarily focus on specific species (Ricketts 2001). However, some features of the landscape (i.e. 160 calculated using the multi-species approach) may have different, but important uses for multiple species. For 161 example, current density is a metric adopted from electrical circuit theory which, in movement ecology, is 162 intended to represent the prevalence of movement of organisms across a landscape. However, some species
Operationalizing connectivity in spatial planning (amphibians and reptiles) may use areas of high current density as movement pathways while others (fishers -164 Martes pennanti) use these areas as home ranges (Koen et al. 2014) .
165
Demographic estimates of connectivity 166 Whether the movement of 'individual' organisms, particles of detritus or pollutants are being directly measured 167 (tagging and tracking) or estimated (genetics or models), Marxan Connect treats these data as "demographic 168 connectivity"(See marxanconnect.ca for more details on the mathematical representations of connectivity 169 data). The strength of connectivity is measured as a probability or an absolute amount. Operationalizing connectivity in spatial planning is thorough and consistent with the planning unit structure. The result of these genetic approaches is often 200 a migration matrix representing the likelihood that individuals or genotypes found at some destination 201 populations came from the suite of sampled source populations. Unfortunately, these data are expensive 202 to collect at the scale and scope appropriate for conservation applications, and appropriately interpreting 203 the connectivity results is often highly context dependent. To date, the few published academic studies 204 attempting this have struggled with significant compromises in taxonomic coverage, geographic extent, and 205 alignment with the planning process (Harrison et al. 2012; e.g. Beger et al. 2014) . Method 4) is currently an area of active research not yet implemented. We note that in the following sections, 233 our objective is to identify and discuss different treatments of connectivity data. We follow up with notes 234 on making decisions related to data or methods, and we stress the importance of post-hoc evaluations in 235 separate sections below. Our objective is not to be prescriptive about "best practices" although we do offer 236 some insights where appropriate. 
Connectivity as conservation features 238
A simple and accessible way to integrate connectivity data into spatial planning is to treat it as a conservation 239 feature, such that r ij is the amount of connectivity feature j (e.g. reproductive outflux) in planning unit i. 240 In the classical minimum set problem (i.e. Marxan), a target is set for each feature, T j , (e.g. 50%) and the 241 reserve system needs to contain at least that amount. This method can incorporate continuous or discrete To increase the probability that the connectivity process is maintained, and that the spatial conservation 248 plan is influenced by the conservation feature, a target higher than that of most other conservation features 249 should be set. We suggest using a tunable 'constraint', a connectivity target multiplier (C), as a way to 250 determine the higher target for connectivity-based conservation features (Figure 2 & 3) . The target for the 251 connectivity-based conservation feature,T c , would then be:
with T j being a typical conservation target for features not related to connectivity. An appropriate value for 253 C can be determined by using a cost trade-off curve, similar to calibrating the BLM, where one would test 254 the sensitivity of cost of the best solution and the total summed metric. It is worth noting that the BLM may 255 interact with C. The value of C could be chosen as the divergent point, where the greatest increase in the 256 connectivity metric is achieved for a relatively small increase in cost. However, the preferred approach would 257 be to establish conservation targets leading to a reserve network design which meets ecologically relevant 258 conservation objective(s), such as population viability or a within network metapopulation growth rate > 1 259 (See "Post-hoc evaluation" section for more details).
260
In contrast, conservation targets set for discretized connectivity conservation features X j can capture different 261 levels of importance to connectivity amongst sites (Álvarez-Romero et al. 2018 ; Figure 2 ). To create a 262 discrete feature, threshold value(s) must be chosen from the range of the continuous connectivity metric, 263 ideally after ecological assessment or sensitivity analysis. The planning units that meet the threshold(s) are 264 then discretized into unique features for which a target is set (Figure 2) . Similarly, this type of threshold 265 setting is often used with species distribution models, where each planning unit is assigned a probability of 266 species occurrence, and a threshold value is used to convert these continuous distribution data to a binary et al. 2010b, 2015) . This approach can maximize 286 the within-network connectivity, and may improve the metapopulation growth rate and other performance 287 metrics. In Marxan Connect, one can combine the use of connectivity as spatial dependencies with a locked-in 288 "Focus Area" (e.g. an existing protected area) to generate candidate stepping stones. However, the method 289 will exclude isolated sites from the final solution unless these are included using other methods (e.g. a 290 conservation feature for an isolated site which happens to contain a unique species).
291

Connectivity as a Cost
292
A common approach to attributing costs in Marxan is to use inverse values as a treatment of the cost to be 293 minimized. For example, such an approach might take the distance of a planning unit to the nearest port as Here, the planning units closer to shore will be less costly than those farther 296 offshore as the distance grows. Thus, an inverse distance cost makes the planning units closer to shore more 297 expensive and less desirable for selection than those farther offshore. A more recently proposed method is to 298 use connectivity as the cost to be minimized in the Marxan objective function. For example, Weeks (2017) 299 used a "seascape connectivity cost" representing the inverse of the connectivity, expressed as the distance 300 between adult habitat to nursery habitat. A disadvantage of the "connectivity as a cost" approach is that it 301 precludes the consideration of other important socio-economic costs in the analysis, which are crucial for 302 reducing conflicts with resource users and increasing the cost-effectiveness of implementation and management 303 (Ban and Klein 2009). Further, this approach is not ideal since each planning unit's contribution to the 304 connectivity of the entire system relies on whether other sites are "in" or "out" of the reserve system.
305
Connectivity-based objective function 306 Where the goal of including connectivity data into the spatial planning problem is to maximise the likelihood 307 of the species' persistence, then the most appropriate approach would be to include a persistence metric 
362
To illustrate this approach, we present a post-hoc sensitivity analysis to determine the optimal connectivity 363 target multiplier value, C, across four connectivity metrics (Figure 3 ). This same approach could also 364 be adapted for exploring the impact of using different methods, targets, thresholds, or data. We vary C 365 in different Marxan scenarios using four different conservation features (in degree, betweenness centrality,
366
Google PageRank and avoidance area recipients) to determine the impact on cost, and metapopulation 367 growth. In this case, we used an in-reserve metapopulation growth rate greater than 1 (e.g. Figueira objective. If the growth rate is lower than 1, the entire metapopulation would go extinct without external 370 supplementation; however, this method requires detailed biological information. In this example, using "in 371 degree" as a conservation feature increases the metapopulation growth rate linearly with cost, which has 372 limited applicability. Both "betweenness centrality" and "Google PageRank" perform quite well with the 373 latter being slightly better, likely because it considers the weight (i.e. strength) of the linkages. With "Google
374
PageRank" as a conservation feature and C = 3 (i.e. conservation target of 30%), this example species is 375 predicted to have a metapopulation growth rate > 1 and nearly the same level of growth as if the entire 376 ecosystem was protected. In this example, "avoidance area recipient" performs extremely poorly because: 377 1) there was no parameter or mechanism in the population model that represented a reason to avoid the 378 avoidance areas (e.g. impact of invasive species); and 2) the "avoidance area recipient" metric should always 379 be discretized (i.e. low values of "avoidance area recipient" are desirable) since using the continuous metric 380 would promote the selection of areas that receive the most propagules from the avoidance area.
381
In the second case, connectivity metrics can be calculated for individual conservation plans with varying 382 spatial configurations that all meet the specified objective function (i.e. have the same input parameters). To 383 identify the most dissimilar Marxan solutions in an analysis, a dissimilarity matrix (i.e. dendrogram) can 384 be created using the Marxan cluster analysis function (Linke et al. 2011) . The chosen metric can then be 385 calculated for each plan to evaluate which spatial configuration best achieves the connectivity objective.
386
There are several different types of post-hoc assessments that can be performed, such as pattern-based 387 assessments, evaluating metapopulation capacity, or using system models. In pattern-based assessments, changed with the addition of woodland key habitats to reserve networks in Finland. However, they highlight 396 the need for a more detailed understanding of the caveats and justifications of these measures before they 397 can be used for conservation purposes.
398
If additional demographic information of species, such as survival and mortality, is known, then the suggested 399 course of action is to evaluate potential reserve networks using metapopulation models. With these models, 400 it is possible to make predictions regarding the ecological outcomes such as the probability of going extinct used with prioritizr to generate connectivity-related input files It also appears that modifying the boundary 455 definitions with connectivity data could be performed with prioritizr's "add_boundary_penalties" function.
456
This is in addition to prioritizr's "add_connected_constraints" function which tends to select unbroken 457 chains of physically linked planning units (Önal & Briers 2006) .
458
Conclusions
459
The approaches for including connectivity in spatial planning are rapidly evolving and few "best practices" 460 exist. Here, we provide some guidance on methods, data sources, and models, as well as a novel open-source 461 tool to support these methods. However, connectivity-based conservation targets are ecologically meaningless 462 unless placed in the context of broader ecologically relevant conservation objectives such as population 463 viability, expected time to extinction, or metapopulation growth rate. Similarly, connectivity is usually only 464 one criterion in planning, and will be considered alongside area-based targets, socio-economic goals, and 465 multi-species requirements.
466
Connectivity is a complex topic with abundant terminology and a diversity of methods that require substantial 467 effort to understand and apply to spatial prioritization scenarios correctly (Beger et al. in prep) . If 468 16
Operationalizing connectivity in spatial planning connectivity is to widely inform protected area planning, communication channels between experts in the 469 fields of connectivity and population dynamics and planners must be improved. The experts, in particular, 470 should make their research outcomes more accessible to practitioners by providing openly available data 471 and clarifying definitions, assumptions, and limitations. For example, the term "connectivity matrix", while 472 central to the concept of connectivity, does not provide enough information to spatial planners or even to 473 other connectivity experts to incorporate connectivity into spatial planning initiatives. With Marxan Connect, 474 we hope to offer standardized methods and terminology to help close this research-implementation gap.
475
While Marxan Connect represents an advance in facilitating the incorporation of connectivity into the design 476 of protected areas, it does not guarantee that reserves will be "well connected". Only post-hoc evaluation of 477 the reserve design related to ecologically relevant conservation objective(s) can inform practitioners of the 478 resilience and persistence of targeted populations. However, the tools provided in Marxan Connect greatly 479 improve the likelihood that a selected reserve design will adequately meet those conservation objective(s). 
